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Ever more stringent requirements

• Systematics suppression


• Characterization of uncertainty, propagation of errors


• Sky model (component separation) accuracy
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Figure 2.1: With PICO’s baseline configuration we will measure the EE (left, red) and lensing BB (green) angular
power spectra with high precision (grey). PICO’s goal is to detect r = 5 ⇥ 10�4 (5s) (right, grey). This forecast
includes PICO’s 80% delensing (red) and foreground separation. The baseline noise level (right, orange) allows
detection of even lower levels; we expect foreground separation to limit performance. As an example we show the
total BB spectra on the cleanest 60% of the sky at 75 and 155 GHz (left, purple). The foregrounds largely dominate
the cosmological signals. Also shown are measurements of lensing from current experiments (left, orange) [27–30],
Planck’s EE measurements (left, dark blue) [31], and the BB spectrum produced by an inflationary gravity wave (GW)
signal with different values of r (cyan).

implications for fundamental physics. It will provide evidence for a new energy scale tantalizingly close to
the energy scale associated with grand unified theories, probe physics at energies far beyond the reach of
terrestrial colliders, and be the first observation of a phenomenon associated with quantum gravity [36].

There are only two classes of slow-roll inflation in agreement with current data that naturally explain the
observed value of the spectral index of primordial fluctuations ns [37]. The first class is characterized by
potentials of the form V (f) µ f p. This class includes many of the simplest models of inflation, some of
which have already been strongly disfavored by existing observations. Select models in this class are shown
as blue lines in Fig. 2.2. When the constraints on ns tighten by about a factor of two with the central value
unchanged, and the upper limit on r improves by an order of magnitude, this class would be ruled out.

The second class is characterized by potentials that approach a constant as a function of field value,
either like a power law or exponentially. Two representative examples in this class are shown as the green
and gray bands in Fig. 2.2. This class also includes R2 inflation, which predicts a tensor-to-scalar ratio of
r ⇠ 0.004. All models in this class, with a characteristic scale in the potential that is larger than the Planck
scale, predict a tensor-to-scalar ratio of r & 0.001. PICO will exclude these models with high confidence
(> 5s ), and is the only proposed mission for the next decade to reach an exclusion at more than 2s . While
many microphysical models in this second class possess a characteristic scale that is super-Planckian, some
have a somewhat smaller scale. One example is the Goncharov-Linde model, which predicts a tensor-to-
scalar ratio of r ⇠ 4⇥10�4 [38], still within 4s detection by PICO (Fig. 2.2). There are models with much
smaller values that are out of reach.

Distinguishing between models with sub- and super-Planckian characteristic scales would provide much
needed guidance to discriminate between classes of ideas for the physics of the earliest moments of our
Universe. And this much is clear: PICO will either detect gravitational waves, or, if its required threshold is
passed without a detection, most textbook models of inflation will be ruled out and the data would force a
significant change in our understanding of the primordial universe.
• Observational Considerations The BB angular power spectrum measured by PICO will have contribu-
tions from Galactic sources of emission and ‘lensing’ B-modes, created by gravitational lensing of E-modes
as the CMB photons traverse the gravitational potentials throughout the Universe (Fig. 2.1 and § 2.3.2). In
case of an r detection, there will be two additional features due to the inflationary signal. One is the ‘re-
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End-to-end simulations
• As we dig deeper, systematics cannot 

be mitigated and suppressed in 
vacuum


• Only way to assess the efficacy of the 
mitigation strategies is to run end-to-
end simulations


• Simulation capability must be 
developed with the mitigation 
modules


• Developing and maintaining the E2E 
simulation capability should be part 
of the data processing effort

analysis pipeline alternate between mitigation of the systematic e↵ects in the current data domain
(pre-processing, component separation, post-processing) and reduction of the statistical uncertainties
by transforming the data to a new domain with higher signal-to-noise (map-making, power spectrum
estimation). The map- and spectral-domain products are then used to constrain the parameters of any
given model of cosmology and fundamental physics, typically in conjunction with other cosmolog-
ical datasets. Finally the various data representations can be used to provide feedback to refine the
mission and sky models.

In this work we particularly focus on the simulation and mitigation of systematic e↵ects to
address all three questions, the optimization of the mission design, the validation and verification of
the mitigation algorithms and implementations, and the quantification of the residuals after mitigation
and their impact on the science results.
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Figure 1. A schematic CMB simulation and analysis pipeline, with rectangular operators acting on oval data
objects, which may be time samples (red), map pixels (blue) or spectral multipoles (green). Note the many
loops, implying iterative processing.

In the absence of the explicit data covariance matrix, the most computationally challenging ele-
ments of this pipeline are those that manipulate the full time-domain data, and in particular the gener-
ation and analysis of Monte Carlo realizations used in lieu of this matrix for uncertainty quantification
and debiasing. Given the volume of data to be processed, we require highly optimized massively par-
allel implementations of the simulation, pre-processing and map-making algorithms and significant
high performance computing resources. Moreover, since data movement – whether between disk and
memory or across distributed memory – is expensive, these steps must be tightly-coupled within an
overall time-domain data framework. One such framework, developed for the Planck satellite mis-
sion (Planck Collaboration et al. 2016e) but with broad applicability for both satellite and suborbital
CMB missions, is the Time-Ordered Astrophysics Scalable Tools (TOAST) package3.

3http://github.com/hpc4cmb/toast
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Figure from P. Natoli et al: 
“Exploring cosmic origins with CORE:  

mitigation of systematic effects” 
arXiv:1707.04224

This figure illustrates 
the critical feedback 

between data processing 
and simulations



Tightly-coupled analysis

• Coming from Planck, the trend is towards global fitting


• Allows error propagation and maximal signal-to-noise


• Planck 2018 -> SRoll2 -> NPIPE -> BeyondPlanck/SRoll3


• The challenge is to find an economical way to capture the systematics in 
the data, then propagating the uncertainties down to the final, component 
separated CMB map or even the cosmological parameters behind it



Planck 2018 analysis
• Extension of the destriping principle allows fitting for bandpass mismatch, 

gain fluctuations and noise offsets in a single step


• The Planck scan strategy left certain large scale polarization modes 
degenerate with the systematic templates


• Uncertainties were captured with simulations but the destriping framework 
could have been used to derive the full pixel-pixel covariance.

Time-ordered data

Static sky signal Systematics, noise offsets,  
time-dependent sky signal

Instrumental, 
unmitigated noise



Columns of F
• Each panel is a visualization of 

one detector time-ordered data


• horizontal axis is the pointing 
period


• vertical axis is the spacecraft 
spin phase


• Some of the templates are 
further split into stationary 
periods

Planck Collaboration: NPIPE processing

Fig. E.1. Signal and systematics templates for detector 100-1a, plotted as a function of pointing

period (ring) and spacecraft spin phase. The gain and signal distortion templates are actually split

into several disjoint steps that vary in length depending on the S/N. The templates for 100-1b

are otherwise identical, but the 30-, 217-, and 353-GHz polarization templates are multiplied by

�1. The far sidelobe (FSL) template is not fitted because of degeneracies, but it is estimated and

subtracted. The polarization templates across all detectors share a single fitting amplitude. The

zodiacal emission-template amplitudes are similarly shared. For 353 GHz and above, the harmonic

templates are doubled to include frequency-dependent gain. At 100–217 GHz, only relative time-

shift between frequency bins is modelled. The last harmonic template includes all frequencies not

included in the other harmonic templates. The templates are scaled to match the rms amplitude of

each systematic across the 100-GHz detectors, and the plotting ranges are chosen to match the 2�

range of each panel. To save space, the amplitude is reported in the title of each panel rather than

as a colour bar. The grey vertical lines indicate the survey boundaries. Figure E.2 shows HEALPix

maps of these templates that include only the first survey.

Appendix H: Degeneracy in bandpass mismatch and polarization templates

During reprocessing (Sect. 2.4) of the CMB channels, NPIPE fits the polarized frequency maps

from the foreground channels as time-domain templates (Sect. 2.4.13). This allows fitting for the

other time-domain templates over a temperature-only sky, breaking some significant degeneracies
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Figure from Planck Collaboration (2020) (in preparation)



• Planck LFI 2018 calibration was deeply dependent on the full sky 
model


• Iterations between data processing, mapmaking and component 
separation were slow, allowing for only a few iterations


• The BeyondPlanck project combines flagging, calibration, mapmaking 
and component separation into a single Gibbs sampler with full 
propagation of uncertainties


• First release expected this year


• Current LFI-focused project is being followed up with a proposal to 
include HFI data and extend the analysis with HFI-specific systematics

BeyondPlanck

https://beyondplanck.science/

https://beyondplanck.science/


De-projection is alternative to error propagation

• The BICEP/Keck analysis projects out modes compromised by 
systematics


• Resulting maps are biased but the bias is quantifiable and accounted for 
in further analysis


• De-projection replaces the need for systematic error propagation with the 
careful measurement of the pipeline transfer function.


• Biased map-making presents unique challenges to component separation



List of relevant systematics
• Beam/pointing mismatch 

• Far sidelobe pick-up


• Gain fluctuations 

• Time-dependent signals 
(Zodiacal light, variable sources, 
Doppler shift)


• Bandpass mismatch 

• Cross-talk

• ADC and detector nonlinearity


• Pointing errors


• Errors in polarization angle and 
efficiency


• Frequency-dependent beam


• Electromagnetic interference


• Half-wave plate systematics



Conclusions

• Future analysis is likely much more tightly-coupled


• Extensive, representative simulations will be needed to tell if we are ready 
to process the next generation experiments


• An economic basis to capture the systematics will require exquisite 
understanding of the experiment


• To answer the title question: We don’t have the tools yet, but we know 
how to make them.


